A plasmid bearing the malPp promoter was digested with Bal3l to obtain a set of deletions with closely spaced endpoints in the upstream region of this promoter. Some of these deletions were sequenced, and their effect on malPQ expression was determined after having transferred them onto the chromosome. We found that a site which binds the cyclic AMP receptor protein in vitro and which is centered at position -93 with respect to the site of transcription initiation could be deleted without affecting malPQ expression. In contrast, the activity of the malPp promoter decreased abruptly when the deletions reached position -72. The downstream region of the promoter was analyzed by using a technique of "sequence replacement" which involved the selection of Mal+ pseudorevertants from strains which carried small deletions in the -25 region. The pseudorevertants, which expressed the malPQ operon in a manner indistinguishable from wild type, had grossly different sequences downstream from position -38, except for a few positions, some of which must be important for promoter function. By combining all presently available information, it is suggested that the malPp promoter contains three binding sites for its activator, the product of gene malT. These sites are defined by three quasi-identical hexanucleotides present in one orientation around position -37 and twice in the other orientation around positions -60 and -73.
In bacteria, and probably in eucaryotic cells as well, the initiation of transcription at many promoters requires the participation of protein factors in addition to RNA polymerase (for recent reviews see references 34 and 42) . The mode of action of these protein factors, called activators, is still not very well understood. They may either facilitate the binding of RNA polymerase at specific promoters or induce this enzyme to start transcription once it is bound (20, 27, 37) . To exert such functions they may either interact with RNA polymerase (4, 22, 39) or change the local conformation of the DNA (41) or perhaps both. In some cases they have been suggested to function by blocking competing and overlapping promoter sites (27, 38, 43) . When more than one activator stimulates the activity of the same promoter the mechanisms involved are even less clear. One approach to understanding how transcription initiation is activated is to analyze in detail the structure of activator dependent promoters. Herein is reported an analysis of malPp, promoter of the malPQ operon of Escherichia coli. The expression of malPQ, like that of the malEFG and malK lamB operons, is positively controlled by the malT gene product (12) . The expression of malPQ also requires the presence of the catabolite activator protein (CAP) and cyclic AMP, but although a sequence homologous to the consensus CAP-binding site is present at the malPp promoter, Chapon (6) presented evidence that the action of CAP on malPQ expression might be only indirect and mediated through a modulation of malT gene expression.
In this work we demonstrate that sequences upstream from position -78 with respect to the transcription start point, including a site which binds CAP in vitro, can be removed without affecting malPQ expression. In addition, we show that the MalT protein-binding site(s) is located between positions -78 and -33 and that there are very few essential nucleotides between position -33 and +1. This and * Corresponding author.
previous work lead to a model in which there would be three MalT protein-binding sites at the malPp promoter.
MATERIALS AND METHODS
Strains, media, and standard techniques. Bacterial strains and plasmids are listed in Table 1 . Plasmid pOM2 carries the malT gene but does not carry any part of the malPQ operon. It was constructed in two steps. First, deletion AmaIA540 (see below) was transferred onto pOM1, a plasmid described by Raibaud and Schwartz (33) . Then, the 3.4-kilobase EcoRIPstI fragment of this plasmid, which contains gene malT, was cloned between the corresponding sites of pBR322. Most media and techniques, including the use of the enzyme Bal3l to create deletions in vitro, were as previously described (31) .
Amylomaltase assay. Amylomaltase was assayed by the method of Schwartz (36) , with a few modifications. Cultures (25 ml) at an absorbance at 600 nm of 1.0 were centrifuged, and the cells were suspended in 1.5 ml of a 0.1 M sodium phosphate buffer (pH 7.0). The suspension was sonicated, and the cell debris was removed by centrifugation for 15 min at 10,000 x g. The concentration of protein in the supernatant was determined by using the technique of Lowry et al. (25) . Amylomaltase activity was determined at 30°C in 0.1 M phosphate buffer (pH 7.0) in the presence of 10 mM maltose (Pfanstiehl) as a substrate and 1 mM maltoheptaose (Boehringer Mannheim Corp.) as a primer (see reference 30). After different times of incubation, 0.1-ml samples were removed, diluted in 0.4 ml of distilled water, incubated for 2 min in a boiling-water bath to stop the reaction, and transferred on ice. Glucose, the product of the reaction, was assayed in the samples by using the "Glucose Merckotest; GOD-PAP method," adding 0.5 ml of the twofold concentrated reagent. Units are given in nanomoles of glucose liberated per minute.
Transfer of deletions AmalA540 to AmaLA546 onto the chromosome. Derivatives of pOM60 carrying the deletions were introduced by transformation into pop2246. This strain carries deletion AmalAS12, which removed the malPp promoter as well as the beginning of the malP gene (31) . The transfer of the plasmid-borne deletions onto the chromosome can be obtained through two crossing over events involving the ca. 200-base-pair (bp) sequences located on both sides of the deletions and homologous with chromosomal DNA. Approximately 1010 cells of the transformants were plated onto minimal maltose agar and incubated at 37°C for 2 to 6 days, depending on the deletion. The Mal' clones were reisolated several times on complete medium agar. To obtain plasmid-free strains, stocks of phage P1 vir were grown on these Mal' clones and used to transduce pop2152 to Mal'. In about 50% of the cases the plasmid was cotransduced with the malPp promoter, a result indicating that the transfer of the deletions onto the chromosome occurs in two steps, with a transient state where the plasmid is integrated into the chromosome (32) . However, in the remaining cases the Mal' clones were Tets, and therefore, they did not contain any plasmid.
Introduction of a (malT-lacZ) hybrid gene cis to AmaLA540. 
RESULTS
Removal of 285 bp between the malTp and malPp promoters. The transcription startpoints of the malPQ operon (10) and of the malT gene (7) (Fig. 1 ). This deletion-insertion, was called AmalA540. The interpromoter sequence containing AmalA540 was transferred onto the chromosome, replacing the wild-type sequence. The effect of AmalA540 on malT expression was investigated by using a malT-lacZ gene fusion (Table 2 ). This expression was found to be approximately 2.5-fold higher in the presence of AmalA540 and was independent of the functional state of the malPp promoter (i.e., in the presence or absence of maltose). Likewise, the introduction of AmalA540 only had a small effect on malPQ expression; the level of amylomaltase synthesis (the product of gene ma1Q) was merely increased by a factor of 1.5, and the induction factor by -the maltose remained the same (Table 3) . These results were essentially identical to those obtained previously with deletions which eliminated one or the other of the malA promoters. They demonstrate that there is no interference in the functioning and the regulation of the two promoters even when the transcription start points are only separated by 243 bp (instead of 513 bp). Therefore, the actual role, if any, of the long interpromoter sequence present in the wild-type strain remains to be established. Deletion mapping of the upstream limit in the malPp promoter. Using a previously constructed set of Bal3l deletions, we concluded that the upstream limit of the ma/Pp promoter was located between positions -99 and -63 (31) . Since the only convenient restriction site from which to initiate Bal3l digestion was located 700 bp away from the transcription start point, it was difficult to obtain a set of closely spaced deletion endpoints which might have permitted to map this upstream limit more precisely. Such a set of deletions could now be obtained by using plasmid pOM60, which (i) contains a convenient restriction site (PstI) in close vicinity to the ma/Pp promoter and (ii) also contains suffi- (29) . Each value is the average of the results obtained from three independent cultures. cient sequence homology with the chromosome on both sides of the promoter to allow the transfer of the deletions onto the chromosome (Fig. 1) (Fig. 2) . The effect of these deletions on malPp activity was determined by measuring malQ gene expression after their transfer onto the chromosome. The four shortest deletions were found to have no effect on ma/Pp activity, whereas the two longest decreased this activity by a factor of about 10 (Table 3) . From this result, we conclude that the upstream limit of the ma/Pp promoter is located between position -78 (endpoint of AmaIA544) and -72 (endpoint of AmalA545).
A a The two last strains, pop2289 and pop2290, were obtained by transforming pop2270 and pop2275, respectively, with plasmid pOM2 and were grown in the presence of 5 ,ug of tetracycline per ml.
The enzyme amylomaltase (malQ product) was assayed as described in the text after growth at 37°C. Minimal medium (M63) contained glycerol or glycerol and maltose, each at a concentration of 0.4%. presents a high degree of homology with the consensus sequence of CAP binding sites (24) . From the results reported above it is clear that the removal of this sequence has no detectable effect on malPQ expression. One could then wonder whether this sequence is really endowed with the ability to bind CAP. To test this, we used the technique of Garner and Revzin (16) and Fried and Crothers (15) , which are based on the fact that a DNA fragment complexed with a DNA-binding protein migrates more slowly than the free fragment in a polyacrylamide gel. By varying the concentration of the protein, one can even get an evaluation of the affinity of the protein for the DNA fragment (24) . A double digestion of pOM60 with the enzymes Sall and EcoRI yields four DNA fragments (Fig. 3) . One (fragment C) bears the malPp promoter, with its potential CAP-binding site. Another one (D) contains the malTp promoter, including a CAP-binding site previously shown to be functional in vivo (6) as well as in vitro (8, 24) . Of the remaining two fragments, 'malT +1 CAPsite CAPsite (a) one (B) is devoid of CAP sites (40) . The other (A) is much larger and, as such, may undergo nonspecific binding (24) . These four DNA fragments were mixed with increasing concentrations of CAP and subjected to electrophoresis on a polyacrylamide gel (Fig. 3) . The experiment showed that CAP bound the malPp-bearing fragment with an affinity at least on the order of 109 M-', i.e., on the same order as the affinity found for CAP-binding sites known to be functional in vivo (24) . The same experiment was done with pOM64, a AmalA544 derivative of pOM60. In this case, the mobility of the deleted malPp-bearing fragment was not modified in the presence of CAP. This made it extremely likely that the affinity of the malPp-bearing fragment for CAP is due to the sequence initially recognized as a potential CAP-binding site (Fig. 2 ). An essential sequence between positions -72 and -79. Deletions AmalA545 and AmalA546, as already mentioned, decreased the expression of malPQ by a factor of 10. However, the residual level of expression in the presence of these mutations was still maltose inducible, the ratio between the induced and uninduced levels of amylomaltase being approximately the same as that in the wild type (Table  3 ). This result indicates that a functional MalT protein-binding site is still present in these strains. We considered the possibility that the effect of deletions AmalA545 and AmaIA546 on malPQ expression resulted from a decrease in the affinity of the promoter region for MalT protein. In (24, 41 pseudorevertants of strains carrying a small deletion in the malPp promoter (Fig. 4 and Table 4 ). For two of them the original strain carried the 13-bp-long AmalA516 deletion, and the reversion to Mal' was due to the occurrence of 3 bp duplications. For the third double mutant, the original strain carried the 6-bp-long AmalA517 deletion and the reversion was due to an additional 4-bp deletion. In the three double mutants, the initiation of transcription occurred at the same nucleotide, which was shifted 11 nucleotides downstream from the wild-type location (Fig. 5) . In all three cases, the effect of the secondary mutation was apparently to bring a usable Pribnow box at a correct distance from sequences located upstream from position -38. When the sequences of the three promoters are aligned with respect to the transcription start point it was found that only six nucleotides are invariant between position -38 and the Pribnow box. Three of these, corresponding to position -36, -35, and -33 in the wild-type sequence, have already been shown to be the site of point mutations which decreased malPQ expression (19) and, therefore, to be essential components of the malPp promoter. For the three other nucleotides (positions -13, -14, and -20 in the double mutants), the fact that they are conserved may be fortuitous.
DISCUSSION
Two main conclusions can be drawn from this work. First, the malPp promoter contains a CAP-binding site, but the removal of this site by deletion apparently fails to affect the activity of the promoter. Second, the sequences required for promoter function are well delimited; they consist of a Pribnow box and of sequences located in a region which extends from position -33 to a position between -72 and -78. These two conclusions are discussed below.
A useless CAP site in the malPp promoter? Since we found that deleting the CAP-binding site had no effect on malPQ expression, at least when the cells were grown under the usual laboratory conditions, we would tend to conclude that CAP plays no direct role in malPp activity. Two objections could be made to this conclusion. One is that the CAP-binding site at malTp, still present in the strains bearing deletions AmaIA541 to AmalA544, replaced the missing CAP-binding site at malPp. This does not seem too likely, because, as shown by Yu and Reznikoff for the lac operon (43) , the distance between the CAP-binding site and the rest of the promoter cannot be altered without inactivating the promoter. In the strains bearing deletion /\maIA541 to AmalA544, the distance between the transcription start point at malPp and the CAP-binding site at malTp ranges between 137 and 152 bp, whereas the normal distance between the transcription start point and the CAP-binding site at malPp is 93 bp. The other objection would be that the role of CAP at malPp may be to prevent the binding of an inhibitory protein, such as RNA polymerase (27, 38) , to sequences located at, or upstream from, the CAP-binding site. Deleting both the CAP-binding site and the site for the inhibitory molecule would have no effect on malPp activity. Although neither of these objections can be formally excluded, it should be recalled that the nonessentiality of the CAP-binding site at strain contained sufficient levels of MalT protein (6) . Therefore, taken together, the results of Chapon (6) aAmylomaltase (malQ product) was assayed as described in the text.
is possible to alter two of the 5 bp in the downstream pentamer (positions -32 and -34) and still retain a normally regulated promoter (Fig. 4) . Second, sequences located at least 12 bp upstream from the upstream pentamer are essential for malPp function (Fig. 2 6 . Structure of the malT-controlled promoters. The sequences shown are those from the wild-type malPp promoter (first line), from one of the Mal' pseudorevertants AmalA516 malPp2 (second line), from the malKp promoter (third line) and from the malEp promoter (fourth line). The latter two sequences are from Bedouelle et al. (3) . The existence of the CAP site in malPp and its apparent lack of function in vivo are described in the text. The CAP sites at the two other promoters were merely identified by sequence homology. Additional potential CAP-binding sites exist between the transcription start points at malEp and malKp (2) . Evidence has been presented that the activity of these two promoters, unlike that of malPp, does require the action of CAP (6) . The only nucleotides shown are those found in the Pribnow boxes and in the hexamers that are proposed to constitute binding sites for the MalT protein. Numbers indicate the distance, in nucleotides, between these sequences. Small letters correspond to nucleotides which are not completely conserved in all hexamers, stars correspond to nucleotides whose alteration is known to decrease promoter activity (2, 19) . The arrow indicates the endpoint of deletion AmalA545, which has the effect of decreasing malPp activity by a factor of 10. The numbers above the first line indicate the positions of the nucleotides with respect to the transcription start point in the malPp promoter.
MalT protein-binding sites at the ma/Pp promoter, each containing one copy of the following sequence:
5'-GGAGGA-3' T
3'-CCTCCT-5' A
This sequence is present once in one orientation in the -37 region, and twice in the other orientation in regions -60 and -73 (Fig. 6) . The point mutations at positions -35, -36, and -62 and deletion AmalA545 all affect one copy of this sequence, and this would explain their effect on malPQ expression. In contrast, the mutation at position -33 is not located in a copy of the repeated sequence. Conceivably it may have altered the binding site for RNA polymerase rather than the MalT protein-binding site. A situation of this type has been found in the -35 region of promoters controlled by the CII protein of phage X, in which some nucleotides are involved in CII protein binding and others in the binding of RNA polymerase (21) .
We have shown that the defect resulting from the deletion of the most upstream presumptive MalT protein-binding site (i) is not complete, since the operon is still expressed at ca. 10% of the wild-type level and is still maltose inducible, and (ii) cannot be overcome by increasing the concentration of the MalT protein. This tends to argue against a model involving a cooperative binding of the MalT protein molecules to DNA, as was shown to occur for the CI protein of phage K (reviewed in reference 18). Rather, this result indicates that the MalT protein molecules cooperate after they are bound to DNA.
A similar promoter structure was encountered in at least three other promoters, one procaryotic (28) and two eucaryotic (13, 14) . In these promoters the binding site for the activator seems to be constituted of several direct repeats. In these three cases, deleting the most upstream sequence(s) decreased the activity of the promoter but did not alter its regulation by the activator. This similarity in promoter structure may indicate a similarity in the mechanism of activation.
If we now turn to the other two known malT-controlled promoters (Fig. 6) (6) ? These questions might perhaps be answered by the fact that the malEp and malKp promoters are close to one another and that they may be functionally coupled (2) .
